This study aimed to evaluate the efficacy of crambe seeds (Crambe abyssinica Hochst) as adsorbent material in the removal of the toxic metals cadmium, lead and chromium from contaminated solutions. The byproduct was obtained from oil extraction of crambe seeds in a Soxhlet system. In kinetic tests, the adsorbent masses had varied in solutions containing the metals under pH 5.0 and 7.0. Metal concentrations were determined by flame atomic absorption spectrometry (FAAS). According to optimal conditions found, the adsorption assays were performed for obtaining the isotherms of each metal, which were linearized in agreement with the mathematical models of Langmuir and Freundlich. According to the obtained results, the adsorbent was effective in removing the assessed metals in aqueous solutions, being feasible its employment as an alternative material for the adsorption of metals, besides being a byproduct, which has undergone no prior treatment.
IntroductIon
The increased environmental pollution caused by metals is a matter of great concern due to the toxic effects that they may cause to human beings, animals and environment (Bayramoglu & Arica, 2011) , and the main sources of contamination are the industrial effluents, mining, and agricultural activities (Aguiar et al., 2002) .
Among the toxic metals, the chromium (Cr) can be considered vital, since it is used in the biological metabolism, but is carcinogen in its hexavalent form, while Pb and Cd are not essential, being toxic even at trace levels (Gonçalves Jr. et al., 2009) .
These metals are a group of pollutants that requires special treatment, because they are not biologically or chemically degraded naturally, on the other hand, they are cumulative and may become even more harmful when reacting with components of the soil and sediments found in polluted effluents (Reedy et al., 2010) . In this way, water resources are protected by environmental laws, where the Brazilian Environmental National Council (CONAMA), through the Resolution number 357, from March 17 th , 2005, establishes maximum permitted values for each metal in water bodies, being 0.01 mg L -1 for Cd, 0.033 mg L -1 for Pb, and 0.05 mg L -1 for Cr (Brasil, 2005) . The Ordinance number 518 of the Ministry of Health, which establishes the procedures and responsibilities relative to control and surveillance of water quality for human consumption and its potability standards stipulates even lower values for both, Pb (0.01 mg L -1 ) and Cd (0.005 mg L -1 ) (Brasil, 2004) . One of the remediation alternatives for natural resources contaminated with metals is the adsorption process, because it regulates the mobility and bioavailability of pollutants in solution (Sousa et al., 2007) . The adsorption process can be quantitatively assessed by isotherms that express the relationship between the amount of the material that is sorbed per unit of adsorbent mass and the concentration of the metal in solution at equilibrium (Salehizadeh & Shojaosadati, 2003) .
The adsorption of toxic metals is more promising when using natural adsorbents, such as wastes from industry and agriculture. These adsorbents are excellent alternatives to chemical remediation, due to its adsorption capacity, low cost, and high availability (Demirbas, 2008) .
Some recent studies have proved the feasibility of these materials as adsorbents in the removal of metals. Applications of sugarcane bagasse in the biosorption of copper (Santos et al., 2010) ; rice husk used in the adsorption of copper, aluminum, nickel and zinc (Mimura et al., 2010) ; dry biomass of Eichorniacrassipes used in the removal of cadmium, lead and chromium (Gonçalves Jr. et al., 2009) , are some examples of biosorbents.
The crambe (Crambe abyssinica Hochst), a plant belonging to the cruciferous family (Pitol, 2010) , has shown efficient results when used in adsorption assays with dye (Oliveira et al., 2009 ), but until the moment, there is no information about this material as biosorbent for metals.
This crop has attracted great interest due to its total oil content between 36 and 38%, and 55 and 60% of erucic oil. The crambe oil and its derivatives are present in a wide range of applications, including lubricants, additive production, polymers, base for paints and coatings, besides biodiesel production (Pitol et al., 2010) .
The byproduct is obtained from the oil extraction of crambe seeds. However the information about this material is scarce, due this culture is not well known, and without an established supply chain in Brazil (Souza et al., 2009) . In this way, is extremely important to assess the feasibility of this material for defining its potential uses.
Considering the advantages associated to the crambe crop and the need for finding new natural adsorbents, the present work aimed to study the reuse of the byproduct of crambe seeds on the adsorption of the metals Cd, Pb and Cr in contaminated waters.
MaterIal and Methods
Crambe seeds (Crambe abyssinica Hochst) were obtained in the Brazilian cerrado region, Jataí city, Goiás State. The seeds were ground and oven-dried at 60 °C for 36 h. Afterwards, the oil was extracted from the seeds through the Soxhlet system (IUPAC, 1988) thus obtaining the byproduct, which was oven-dried again at 60 °C for 24 h for complete evaporation of n-hexane used in oil extraction.
A sample of crambe byproduct was subjected to nitroperchloric digestion (AOAC, 2005) to determine the concentrations of Cd, Pb and Cr by flame atomic absorption spectrometry (FAAS) (Welz & Sperling, 1999) .
Aqueous solutions (1000 mL) fortified with Cd, Pb and Cr were prepared and obtained from an aliquot of stock standard solution (100 µg mL -1 ). For the verification of the ideal adsorption conditions, mass tests were performed, using increasing amounts of adsorbent material (0, 150, 300, 450, 600, 750 and 900 mg) under two pH conditions (5.0 and 7.0), adjusted and buffered with HCl or NaOH solutions at concentrations of 0.100 mol L -1 . The masses were added to erlenmeyer flasks (125 mL) which received fixed volume of 50 mL of the aqueous solution fortified with metals studied at the following concentrations Cd 0.05, Pb 0.10 and Cr 0.50 µg mL -1 . The selected concentration of each metal was exactly 10 times the maximum allowed, according to the Ordinance n o 518 of the Ministry of Health (Brasil, 2004) .
Erlenmeyers were agitated for 90 min, with constant temperature and agitation (25 ºC and 200 rpm) in a thermostatized water bath. Afterwards, 10 mL aliquots were taken from this solution and centrifuged at 3000 rpm for 5 min to separate the adsorbent from the aqueous solution for later determining concentrations of Cd, Pb e Cr in the solution by FAAS (Welz & Sperling, 1999) .
The point of zero charge (pH PZC ) is defined as the pH in which the solid surface has neutral charge (Mimura et al., 2010) . The procedure to determine the pH PZC consists of making a mixture of 50 mg of the adsorbent in 50 mL of KCl aqueous solution at 0.05 and 0.5 mol L -1 in values of initial pH ranging from 2.0 to 10.0, which were buffered with solutions of HCl and NaOH (0.1 mol L -1 ). After 24 h of agitation, the final pH values were obtained resulting in a graph of pH variation (initial vs. final) where for each KCl concentration, the range that remained constant of pH variation corresponded to the pH PZC .
In order to obtain the adsorption isotherms, it was performed assays based on the best results obtained in the tests of mass and pH previously performed. Therefore, 300 mg of the byproduct of crambe seeds were added in erlenmeyers (125 mL) with the solution fortified in different concentrations of toxic metals.
The aqueous solution with metals was prepared at the following concentrations: Cd 0.20, Pb 0.40 and Cr 2.0 µg mL -1 , from the stock solution of 100 µg mL -1 , buffered at pH 5.0, and the values of these concentrations chosen corresponded to 40 times the maximum allowed by the Ordinance n o 518 of the Ministry of Health (Brasil, 2005) .
Into volumetric flasks (50 mL) were added increasing volumes of the fortified solution (5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0, 45.0 mL) , and the final volume was completed to 50 mL with distilled and deionized water. In this way, the initial concentrations of the metals were increasing according to the volume used in the fortified aqueous solution (Table 1) .
The removal percentage (%R) of the metal solution was calculated according to the Eq. 2: Table 1 . Concentration of the metals Cd, Pb and Cr at equilibrium in the solution (C eq ) in the mass test at pH 5.0 and 7.0
The volumes of each volumetric flasks were individually transferred to erlenmeyers with 125 mL containing the masses of the adsorbent (300 mg). The samples were stirred at 200 rpm in a thermostatized water bath at 25 ºC, for 90 min then, aliquots of this solution were taken to centrifugation at 3000 rpm for 5 min, aiming to separate the adsorbent from the aqueous solution, and then it was determined the content of metals in the solutions by FAAS (Welz & Sperling, 1999) .
The adsorbed amount of each metal was determined by using the Eq. 1: -parameter of the Langmuir isotherm related to the adsorbent-adsorbate interactions
in which:
C eq -equilibrium concentration of the metal in the solution, mg L -1 Q eq -adsorbed amount at equilibrium per mass unit of the adsorbent, mg g -1 K f and nare the two parameters of Freundlich, and K f is related with the adsorption capacity and n is related to heterogeneity of the solid.
results and dIscussIon
The results of the determination of the toxic metals in the crambe byproduct were 1.00 µg Cd g -1 , 2.37 µg Pb g -1 and 0.77 µg Cr g -1 . The plants absorb directly the toxic metals from the soil or via application of pesticides and fertilizers, which have in their composition, beyond desirable elements, also metals such as Cd, Pb and Cr (Gonçalves Jr. & Pessoa, 2002) . These elements may come from indiscriminate disposal of industrial waste as fertilizers containing micronutrients, which are a great concern, since these elements persist in the soil, becoming a source of (1) (2) (3) (4) metal contamination to the environment (Gonçalves Jr. et al., 2000; .
In this way, the presence of these elements in the studied adsorbent material can be justified, because it is a plant cultivated in an agricultural area where the soil is often subjected to the application of these substances.
The adsorption of positive charges in any adsorbent will be enhanced for operations at pH values higher than the pH PZC , while the adsorption of negative charges will be favored for operations below the pH PZC (Abia & Usuquo, 2006) .
The results obtained in the KCl solutions used indicated that for the crambe, the point of zero charge is around 5.5 (Figure 1) . significant reduction in the initial concentration of metals in contact with 300 mg of crambe byproduct, value higher than obtained at pH 5.0, where is needed 150 mg of the adsorbent. The removal efficiency of metals (Table 1 ) was elevated significantly with the increase of the mass of the adsorbent, which can be ascribed to the increased surface area of adsorption and availability of active sites. But with the increase of the adsorbent concentrations, there was a small reduction in removal that may be caused by the formation of aggregates during the sorption as described by Ekmekyapar et al. (2006) .
For the construction of the isotherms, the best results obtained in the prior tests were used, with 300 mg of adsorbent and solution at pH 5.0. From the data of C eq e Q eq , the isotherms were built and the Figure 2 demonstrate it for each metal.
The linearizations of the isotherms were made for the mathematical models of Langmuir and Freundlich, using respective equations (3 and 4), showed previously.
The Table 2 , show the obtained parameters and its respective coefficient of determination (R 2 ) for the linear adjustment for the studied isotherms.
The experimental data of adsorption of Pb and Cr by the crambe byproduct were better described by the Freundlich model, as this model presented higher values of R 2 when compared with those obtained by Langmuir (Table 2 ). This fact suggests that the adsorption process is influenced by the heterogeneity of the adsorbent surface, in other words, there is more than one type of adsorption site interacting with these metals, indicating that the adsorption occurred at multilayers (Tarley & Arruda, 2003) . However, for Cd, despite the proximity of R 2 values, the adsorption data presented better adjustment by the Langmuir model, indicating that the adsorption process of this metal by the crambe byproduct occurs at monolayer.
Analyzing the obtained parameters in the linearization of the Langmuir model, it was verified that the Cr has higher adsorption capacity (q m ) than Cd and Pb. However, when compared to the parameter b or K L , the Cd had higher binding energy with the biosorbent.
The values of Freundlich constants (K f ) for the metals Cd, Pb and Cr ranged from 0.122 to 240.602 (mg g -1 ) and presented the following order: Pb> Cr > Cd. The constant K f is associated with the interaction of the adsorbent with the characteristics of these metals, thus the obtained values indicate higher interaction of the crambe byproduct with the Pb, followed by Cr and Cd.
The factors favoring the adsorption of a metal species over the other have been primarily related to the electronegativity, the hydrolysis constant and ionic radius (Mimura et al., 2010) . It is known that the adsorption of metal species present in solution in the cationic form is favored at pH in which the negative species predominate on the biosorbent surface. Nevertheless, in the present study, solution at pH 5.0 was used for the adsorption tests, because the metals have their mobility reduced with increasing pH, due to the precipitation of insoluble forms (Kabata-Pendias & Pendias, 1987) , which was corroborated by Sud et al. (2008) who reported that for Cd and Pb, the optimum pH values for adsorption, using agricultural waste, were those of acidic character.
However, pH values much lower than found in the pH PZC test (pH 5.0) are not recommended because the ionizable surface groups can be protonated, since the H + compete with metals in the active sites of the biomass, thus generating a net positive charge that can cause the repulsion between the surface and the cations in solution, leading to a low adsorption of the same (Mimura et al., 2010) .
The use of solutions with pH below those found in the pH PZC for adsorption tests was verified in a study using rice husk to adsorb metallic ions, where the pH PZC was 7.0; and Mimura et al. (2010) opted to use pH around 4.0 and 5.0, because according to these authors in this range, although the adsorbent surface presented the great part of its surface groups protonated, there is no excess of positive charge, favoring both processes, the ion exchange and the electrostatic interaction.
According to Table 1 and 2, it was verified that to reach a similar efficiency as obtained under pH 5.0, the solution in pH 7.0 demanded a greater amount of adsorbent material, with a The tendency to suffer hydrolysis has been observed as the most important factor in the adsorption processes, involving simultaneously several metal ions (Bayramoglu & Arica, 2009 ). The Cd is the element with the lowest ability to suffer hydrolysis, followed by Pb and Cr. But the results showed that the Cd was more adsorbed than Pb, which can be explained by the fact that this metal has presented greater reactivity to the active sites of the adsorbent, whereas the parameter n indicates the reactivity of active sites in the linearization by the Freundlich model.
Thus, examining the parameter n (Table 2) it can be observed that the adsorption process of the Cd by the adsorbent is favorable, since according to Sodré et al. (2001) , when the values of n are above 1, this is a strong indication of the presence of highly energetic sites, suggesting that they are the first to be occupied by the metals, resulting in a high energetic interaction and high reactivity.
Contaminated water usually, can contain more than one metal species. The adsorption capacity of one specific metal can be reduced in multi-element solutions when compared to the adsorption of this same metal in mono-element solution, and this decrease can be attributed to the lower amount of available active sites, since the binding sites are competitively divided between the metals in the solution (Sharma et al., 2007; Bueno et al., 2009 ). This was confirmed in a study using seeds of Moringa oleifera in the sorption of Cd, Cr and Ni independently and in ternary mixtures, where the adsorption values decreased about 10 to 20% when compared to adsorption using a mono-element solution (Sharma et al., 2007) .
Despite the above mentioned factors interfer in the adsorption, the concentration of the elements should also be considered, since this was different for each metal, and therefore the order of preference with respect to the adsorption selectivity, cannot be established, given that the Cr concentration was higher than the other metals. conclusIons 1. The studies performed to evaluate the optimal conditions for the adsorption process showed results more efficient at pH 5.0.
2. From the results of linearization of the isotherms, it was concluded that the adsorption of Pb and Cr by the crambe by product were better described by the Freundlich model, while for the Cd adsorption the linearization had best adjustment by the Langmuir model.
3. The obtained results demonstrated that the crambe (Crambe abyssinica Hochst) by product can be effective in the treatment of wastewater containing the toxic metals Cd, Pb and Cr, mainly by being a low cost option and a byproduct that requires no previous treatment.
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Regarding the electronegativity, the selectivity order is Pb > Cr > Cd, since higher the electronegativity, greater is the sorption affinity (Sag et al., 2002) . In relation to ionic radius, the Pb again would be more adsorbed, followed by Cd and Cr, because the Pb ion has smaller radius, and can more easily penetrate into the pores and have greater access to the surface of the adsorbent.
However, it was observed that the Cr ion was adsorbed preferentially over the other metal species, as the mean removal percentage was 71.2% for Cd, 65% for Pb and 76.6% for Cr, which can be associated to its higher positive charge and its ease to form hydrolyzed form.
